The priming of tumor-antigen-specific T cells is critical for the initiation of successful anti-tumor immune responses, yet the fate of such cells during tumor progression is unknown. Naive CD4 ؉ T cells specific for an antigen expressed by tumor cells were transferred into tumorbearing mice. Transient clonal expansion occurred early after transfer, accompanied by phenotypic changes associated with antigen recognition. Nevertheless, these cells had a diminished response to peptide antigen in vitro and were unable to be primed in vivo. The development of antigen-specific T cell anergy is an early event in the tumor-bearing host, and it suggests that tolerance to tumor antigens may impose a significant barrier to therapeutic vaccination.
Significant progress has been made in the identification of antigens expressed by tumor cells that are recognized by the T cell arm of the immune system (1). These discoveries have led to the development of tumor-antigen-specific vaccine strategies, a number of which are currently undergoing clinical evaluation as therapy for patients with metastatic cancer. Although the existence of T cells having specificity for antigens preferentially expressed by cancer cells is a prerequisite for the generation of anti-tumor immune responses, little is known about the fate of such cells during tumor progression. As most cancer vaccine strategies are currently being examined as therapy for an existing tumor burden rather than as prophylaxis, the consequences of antigen-specific T cell interaction with tumor is a critical parameter likely to impact on the efficacy of this therapeutic approach.
In most murine models of tumor vaccines, a far greater tumor burden can be rejected when non-tumor-bearing animals are immunized first, followed some time later by the tumor challenge, than when immunization takes place after the establishment of the tumor. In the latter setting, extending the interval from tumor challenge to vaccination by even a few days often results in a profound decrease in the efficacy of the observed anti-tumor immune response. The discordant anti-tumor immune responses generated in tumor-free versus tumor-bearing vaccine recipients has been explained by such diverse factors as the rapid kinetics of tumor growth in mouse models, the generation of tumor-induced suppressor T cells (2, 3) , alterations in T cell signal transduction in the tumor-bearing host (4) (5) (6) (7) (8) (9) , tumor induction of T cell apoptosis (10) , and the development of peripheral tolerance to tumor antigens (11) .
We wished to examine the fate of T cells that recognize an antigen expressed by tumor cells during tumor progression. We have designed a system in which an identifiable population of naive CD4 ϩ T cells of a defined specificity is monitored in vivo during the progression of a tumor that has been engineered to express its antigen. This system graphically demonstrates that antigen-specific T cells undergo significant changes in phenotype and function shortly after exposure to nominal antigen in the tumor-bearing host, leading to a state of antigen-specific unresponsiveness. These changes occur early during the course of tumor progression and significantly precede the onset of the more generalized immunosuppression that frequently accompanies advanced tumor burdens. These results suggest that T cell anergy to tumor antigens may impose a significant barrier to therapeutic tumor vaccine strategies.
MATERIALS AND METHODS
Mice. Six-to 8-week-old male BALB͞c mice were obtained from the National Institutes of Health (Frederick, Maryland). T cell antigen receptor (TCR) transgenic mice expressing an ␣␤ TCR specific for peptide 110-120 from influenza hemagglutinin (HA) presented by I-E d (12) were a generous gift of Harald von Boehmer. These mice were crossed to a BALB͞c background for more than 10 generations. Transgenic mice used in these experiments were heterozygous for the transgene. All experiments involving the use of mice were performed in accordance with protocols approved by the Animal Care and Use Committee of the Johns Hopkins University School of Medicine.
Tumor Cells. A20 cells were obtained from the American Type Culture Collection (ATCC) (Rockville, MD). Cells were cultured in vitro in RPMI 1640 medium, supplemented with 10% fetal calf serum (FCS), penicillin (50 units͞ml), streptomycin (50 g͞ml), L-glutamine (2 mM), and 2-mercaptoethanol (50 mM) (complete medium), and grown as a suspension culture at 37°C in a 5% CO 2 atmosphere. A20HAneo was selected and grown in complete medium supplemented with the neomycin analogue G418 (400 g͞ml). Electroporation of A20 cells was used for plasmid transfection in the creation of A20HA as previously reported (13) .
Adoptive Transfer. Single-cell suspensions were made from peripheral lymph nodes and spleen that were harvested from TCR-transgenic donors. The percentage of lymphocytes doubly positive for CD4 and the clonotypic TCR was determined by flow cytometry as described below. Cells were washed three times in sterile Hanks' balanced salt solution (HBSS) and injected into the tail vein of male BALB͞c recipients such that a total of 2.5 ϫ 10 6 CD4 ϩ anti-HA TCR ϩ T cells were transferred to each recipient. A20 or A20HA cells used for in vivo tumor challenge were washed three times in sterile HBSS and injected via the tail vein in a total volume of 0.5 ml, 1 ϫ 10 6 tumor cells per mouse. Tumor-free survival was determined by twice weekly inspection, and mice were euthanized after the development of a tumor, which was evident as increasing abdominal girth and palpable abdominal mass. All euthanized animals had the presence of tumors confirmed at autopsy (hepatic and splenic nodules and mesenteric nodal enlargement).
Flow Cytometric Analysis. A20 cells were stained with one of the following: (i) rat anti-mouse CD80 (PharMingen), (ii) monoclonal antibody (mAb) GL1 (rat anti-mouse CD86), or (iii) rat anti-clonotypic TCR mAb 6.5 (as an irrelevant primary antibody control), followed by phycoerythrin (PE)-conjugated goat anti-rat IgG (Caltag, South San Francisco, CA). A total of 10,000 gated events were collected on a FACScan (Becton Dickinson) and analyzed by using CellQuest software (Becton Dickinson). Analysis of splenocytes was performed after depleting lymphoma cells and enriching for T cells by passage over nylon wool followed by complement lysis with the mAb J11.d.2, which is specific for heat stable antigen (HSA) expressed by A20 cells. Purified T cells were stained with fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse CD4 (Caltag) and biotinylated rat anti-clonotypic TCR mAb 6.5 followed by PE-conjugated streptavidin (Caltag). A total of 100,000 gated events were collected per sample. Values represent the mean Ϯ SE of the percentage of cells expressing the clonotypic TCR for four mice. Background staining was less than 0.05%. Expression of activation markers on clonotype-positive cells was determined by three-color flow cytometric analysis of splenocytes isolated as above. T cells were stained with CyChrome-labeled anti-mouse CD4 (PharMingen), biotinylated anti-TCR clonotype mAb 6.5 followed by PE-labeled streptavidin, and FITC-conjugated anti-mouse CD44 (PharMingen), antimouse CD45RB (PharMingen), or anti-mouse CD62L (PharMingen). Live gating on CD4 ϩ T cells was set, and 100,000 events were collected per sample. Mean fluorescence intensity Ϯ SE is shown for each activation marker expressed by CD4 Cytokine Release. T cells purified and plated as above were cultured with media alone or HA peptide (12.5 g͞ml) plus fresh BALB͞c splenocytes. Forty-eight hours later, supernatants were collected and assayed for interleukin ( 
RESULTS
A20 is a BALB͞c lymphoma expressing high levels of major histocompatibility complex (MHC) class I and II molecules as well as constitutively low levels of the T cell costimulatory molecules CD80 (B7-1) and CD86 (B7-2) (Fig. 1A) . It is capable of presenting both exogenous and endogenous antigen and has been used extensively for in vitro studies of antigen processing (14) . When injected i.v. into BALB͞c mice, this tumor infiltrates the mesenteric lymph nodes, spleen, and liver, and it can be found in the bone marrow and peripheral blood. It therefore behaves similarly in vivo to many forms of human B cell lymphoma. As with the models described above, a modest systemic tumor burden can be rejected when immunization [with irradiated granulocyte͞macrophage colony-stimulating factor (GM-CSF)-secreting A20 cells] occurs within 5 days of tumor challenge, but by 9 days, vaccination is without effect (13) .
Using adoptively transferred T cells from a TCR-transgenic mouse (15), we followed the immune response to a model antigen, influenza virus HA, expressed either by A20 cells or in the context of a viral infection with recombinant vaccinia. A20 cells were transfected to express HA, and a stable transfectant was selected that expresses very low levels of HA. Although the level of HA expression by A20HA was below the limits of detection by flow cytometry, CD4 ϩ T cells from TCR-transgenic mice specific for HA amino acids 110-120 restricted by I-E d (12) proliferated vigorously when incubated with A20HA in vitro (Fig.  1B) . Nonetheless, expression of HA did not measurably alter the immunogenicity of A20HA, as i.v. injection of BALB͞c mice with either A20 wild type or A20HA resulted in tumor progression with similar kinetics (Fig. 1C) . Interestingly, the kinetics of tumor growth was not affected by the adoptive transfer of anti-HA͞I-E d -transgenic T cells (Fig. 1D) given 9 days after tumor challenge. Nine days was chosen on the basis of our previous observation that A20 could not be cured by therapeutic vaccination after this interval. Subsequent experiments in which the transfer of trans- (1998) splenocytes expressing the clonotypic TCR was determined at weekly intervals after T cell transfer. Analysis of the clonotype frequency 6 days after T cell transfer revealed an initial expansion of clonotype-positive T cells in A20HA bearing mice relative to mice bearing A20 wild type or no tumor ( Fig.  2A) . After the first week, this percentage declined, and by 20 days after T cell transfer (when 3-to 5-mm lymphoma nodules were visible in the liver and spleen), the percentage of clonotype-positive cells in A20HA-bearing mice approached the baseline level present in the other groups (Fig. 2B) . Although the percentage of clonotype-positive T cells in mice bearing A20HA declined after an initial expansion, their complete elimination was never observed, even at later time points in the face of an extensive tumor burden. Three-color flow cytometric analysis of clonotype-positive CD4 ϩ T cells was performed to address whether phenotypic changes associated with antigen recognition occur in A20HA-bearing mice (Fig. 3 ). An increase in the expression of CD44 and decreased expression of CD45RB and CD62L was observed on HA-specific transgenic T cells in A20HA-bearing mice relative to non-tumor-bearing mice, although intermediate changes were seen in some mice bearing A20 wild-type tumors as well.
In spite of the initial expansion of HA-specific CD4 ϩ T cells in A20HA-bearing mice and loss of the naive phenotype, T cells from this group had a diminished proliferative response to HA peptide in vitro (Fig. 2C ). This blunted response in A20HA-bearing mice was evident as early as 6 days after the transfer of HA-specific T cells, and it remained impaired for the duration of the experiment. In contrast, transgenic T cells from mice with a comparable burden of A20 wild-type tumor responded equivalently to non-tumor-bearing mice for at least 22 days after T cell transfer, even in the presence of macroscopic tumor nodules infiltrating the spleen and liver at this late time point.
In contrast to the decreased responsiveness of HA-specific T cells when the antigen is expressed by A20HA cells, exposure to HA in the context of a viral infection enhanced T cell responsiveness. A recombinant vaccinia virus construct encoding influenza virus HA (vacc-HA) was used to immunize mice at varied intervals after T cell transfer (Fig. 4) . Immunization resulted in a significant expansion of the clonotype-positive T cells in nontumor-bearing mice (Fig. 4A) . The response to vacc-HA generated in mice bearing A20 wild-type tumor was equivalent to that seen in non-tumor-bearing mice, even when immunization occurred late in the course of tumor progression. As was seen before, unimmunized A20HA-bearing mice had an increased percentage of clonotype-positive T cells 8 days after T cell transfer, followed at later time points by a decline in this percentage toward the baseline levels seen in the other groups. Strikingly, immunization of A20HA-bearing mice with vacc-HA failed to result in clonal expansion of HA-specific T cells. This impaired response to vacc-HA was not due to early clearance of the recombinant virus by circulating anti-HA antibodies, because such antibodies were undetectable in the serum of A20HA-bearing mice (data not shown).
T cells primed with vacc-HA in vivo released ␥-interferon on in vitro culture with HA peptide (Fig. 4B) . This response was preserved in mice bearing wild-type A20 but was significantly impaired in mice bearing A20HA, even when immunization with vacc-HA occurred as early as 2 days after T cell transfer and was assayed 6 days later. No detectable IL-4 release was observed in any group (data not shown). Although incubation with HA peptide resulted in measurable IL-2 release even in the absence of in vivo priming with vacc-HA, this response was also blunted in the A20HA-bearing mice (Fig. 4C) . Finally, the proliferative response to HA peptide was enhanced by vacc-HA priming in non-tumor-bearing mice as well as those bearing A20 wild-type tumor, but not in mice with A20HA (Fig. 4D) . Although the overall proliferative response of unvaccinated A20HA-bearing mice was equivalent to unvaccinated non-tumor-bearing or A20 wild-type-bearing mice, on a per cell basis, this response was again diminished, as seen in Fig. 2C (data not shown) .
We wished to confirm further that the T cell unresponsiveness induced by A20HA was specific for HA and did not simply reflect tumor-induced global immunosuppression. Non-tumor-bearing mice or mice with A20HA were primed with vacc-HA, and splenocytes were assayed for proliferation in response to either HA peptide or vaccinia antigens expressed by BALB͞c splenocytes that were infected with wild-type vaccinia in vitro (Table 1) . While the T cell proliferative response to HA peptide was again diminished in A20HA bearing mice, these same mice had a proliferative response to vaccinia antigens that was equivalent to FIG. 3 . Phenotypic changes associated with antigen recognition on CD4 ϩ TCR clonotype ϩ T cells after adoptive transfer into tumor-bearing mice. BALB͞c mice were injected (i.v.) with 1 ϫ 10 6 A20WT or A20HA tumor cells. Nine days later all mice received 2.5 ϫ 10 6 anti-HA͞I-E d TCR ϩ transgenic T cells i.v. Fifteen days after transfer, T cells from non-tumor-bearing mice (patterned bars), mice bearing A20WT (hatched bars), or A20HA (solid bars) were isolated as in Fig. 2 and stained with Cy-Chrome-labeled anti-mouse CD4, biotinylated anti-TCR clonotype mAb 6.5 followed by PE-labeled streptavidin and FITC-conjugated anti-mouse CD44, anti-mouse CD45RB, or anti-mouse CD62L. Live gating on CD4 ϩ T cells was set, and 100,000 events were collected per sample. Mean fluorescence intensity ϩ SE is shown for each activation marker expressed by CD4 ϩ TCR clonotype ϩ T cells (four mice per group). BALB͞c mice were given 1 ϫ 10 6 A20HA tumor cells intravenously or received no tumor. Nine days later, all mice received 2.5 ϫ 10 6 anti-HA͞I-E d TCR ϩ transgenic T cells. Nine days after T cell transfer, all mice were immunized with vacc-HA as in Fig. 4 . On day ϩ22 after T cell transfer, the mice were sacrificed and T cells were purified as before. Purified cells (4 ϫ 10 4 per well) were added to BALB͞c splenocytes (8 ϫ 10 4 per well) and cultured with media alone or with the indicated stimulation. Con A stimulation was done without the addition of BALB͞c splenocytes. Proc. Natl. Acad. Sci. USA 95 (1998) non-tumor-bearing mice primed with vacc-HA. Furthermore, the response to the pan-T cell mitogen Con A was similar in the two groups, suggesting that other elements of the T cell repertoire were functionally intact. Interestingly, the proliferative response of transgenic T cells from A20HA-bearing mice to HA peptide was partially restored in the presence of exogenous IL-2, reminiscent of the findings observed in in vitro models of T cell anergy (16) .
DISCUSSION
These findings demonstrate that induction of antigen-specific T cell unresponsiveness can occur early in the course of tumor-T cell interaction and significantly precede the development of a more generalized state of immunosuppression. A number of studies have supported the hypothesis that tumors evade immunologic rejection by inducing a state of global immunosuppression. This state has been clearly demonstrated in animals or patients harboring advanced tumor burdens and is characterized by hyporesponsiveness to challenge with common recall antigens in vivo, and diminished T cell function in vitro that correlates with specific alterations in the T cell signal transduction pathways (4-9). The factor or factors that mediate these changes have yet to be identified, but the alterations are found in a large percentage of the T cell pool, affecting a wide range of antigen specificities. While this form of immunosuppression is likely to have significant impact on vaccine efficacy in the setting of advanced malignancies, it is not clear that these changes can account for the early events that limit the generation of anti-tumor immunity in response to vaccination. An alternate explanation for the impaired vaccine responses seen in the setting of an established tumor burden is that tumor-antigen-specific T cells become tolerized upon encountering antigen in vivo. Full activation of resting T cells not only requires an antigen-specific signal provided by engagement of the (17) . This requirement for T cell costimulation is thought to maintain tolerance to normal self-antigens expressed in tissues that cannot deliver the second signal. Because most tumor cells are poor APCs that are incapable of expressing costimulatory molecules (but usually express MHC class I molecules and can be induced to express MHC class II), the above paradigm predicts that tumor-specific T cells would be rendered anergic upon encountering tumor antigen on the MHC molecules of the cancer cell. In support of this hypothesis, several studies have demonstrated an enhanced ability to prime T cell-mediated anti-tumor immunity through vaccination with tumor cells transfected to express B7-1 (18) (19) (20) . The above reasoning, however, does not completely account for the failed immune responses against cancers that are derived from APCs (21) . Tumors such as B cell lymphomas express high levels of MHC class I and class II molecules and have inducible expression of B7-1, B7-2, and intercellular adhesion molecule 1 (ICAM-1). Furthermore, lymphoma cell lines have been shown to be capable of processing and presenting antigen to T cells in vitro, leading to T cell activation (22) (23) (24) . In spite of these features, lymphoma is often a highly aggressive cancer that progresses in the very compartment where primary T cell responses are normally generated.
One explanation for these findings is that the level of B7-1 and͞or B7-2 expressed by lymphoma cells may favor the high-affinity interaction with CTLA4 over the lower-affinity interaction with CD28 on activated T cells (25, 26) . Engagement of CTLA4 is thought to exert a counter-regulatory inhibition of T cell activation, with CTLA4 expression peaking 24-48 hr after T cell activation. The observation that T cell unresponsiveness in our model was accompanied by an initial clonal expansion and the loss of a naive phenotype by the transgenic T cells is consistent with this hypothesis. Indeed, in other systems, in vivo blockade of CTLA4 engagement has been shown to prevent the induction of anergy to peptide antigen (27) , to exacerbate autoimmune reactions (28, 29) , and to enhance anti-tumor immune responses (30) .
Alternatively, additional costimulatory signals besides CD28 engagement may be necessary to initiate an activated immune response in vivo. The inability of B cell tumors to provide these undefined signals may reflect the general ability of nontransformed B cells to activate versus tolerize naive T cells in vivo (31) (32) (33) (34) . It is interesting to note that similar changes in the phenotype and function of antigen-specific T cells were seen in a model of peripheral tolerance in which the self antigen was under the regulation of an Ig promoter and enhancer, and was therefore largely expressed by B cells (35) .
It is unclear whether the development of antigen-specific CD4 ϩ T cell anergy is a unique feature of MHC class IIpositive tumors such as B cell lymphoma. Although we have shown that A20HA can be recognized by purified HA-specific transgenic CD4 ϩ T cells in vitro (13) , the changes in T cell function observed in vivo may have resulted either from the direct encounter with HA peptide presented by MHC class II ϩ lymphoma cells or from uptake and presentation of antigen by host APCs. If the latter mechanism is operative, this form of tumor tolerance may be seen with nonhematopoietic cancers as well. Of note, in a model of plasmacytoma, which is a B cell lineage tumor unable to express MHC class II antigens, CD4 ϩ T cell tolerance to the tumor Ig idiotype protein was demonstrated (36) . In that setting, however, tolerance was largely mediated by clonal deletion of idiotype-specific T cells, which was induced in a dose-dependent fashion by the tumor idiotype protein that was abundantly secreted in the serum. In the present model, we failed to detect circulating antigen in the serum, even from mice with an extensive tumor burden.
The identification of antigen-specific T cell anergy as an early event in tumor progression has clear implications for the continued development of cancer immunotherapy. The persistence of this state after a reduction in tumor burden with other treatment modalities remains to be determined, but in their current form, such strategies are likely to be most effective in the treatment of minimal residual disease. The identification of the molecular basis for tumor-induced T cell anergy and of strategies to restore T cell responsiveness, will be critical to the ultimate success of active anti-tumor immunotherapy.
